We used ChIP-Seq to map ERa-binding sites and to profile changes in RNA polymerase II (RNAPII) occupancy in MCF-7 cells in response to estradiol (E2), tamoxifen or fulvestrant. We identify 10 205 high confidence ERa-binding sites in response to E2 of which 68% contain an estrogen response element (ERE) and only 7% contain a FOXA1 motif. Remarkably, 596 genes change significantly in RNAPII occupancy (59% up and 41% down) already after 1 h of E2 exposure. Although promoter proximal enrichment of RNAPII (PPEP) occurs frequently in MCF-7 cells (17%), it is only observed on a minority of E2-regulated genes (4%). Tamoxifen and fulvestrant partially reduce ERa DNA binding and prevent RNAPII loading on the promoter and coding body on E2-upregulated genes. Both ligands act differently on E2-downregulated genes: tamoxifen acts as an agonist thus downregulating these genes, whereas fulvestrant antagonizes E2-induced repression and often increases RNAPII occupancy. Furthermore, our data identify genes preferentially regulated by tamoxifen but not by E2 or fulvestrant. Thus (partial) antagonist loaded ERa acts mechanistically different on E2-activated and E2-repressed genes. 
Introduction
Estradiol (E2) is a key regulator in the growth and differentiation of many target tissues and is involved in the development and progression of breast cancer (Anderson, 2002) . Its genomic activity is to a large extent mediated by the estrogen receptor a (ERa; NR3A1), a member of the nuclear receptor super family. ERa regulates expression of target genes classically by binding directly to its cognate sequence, the estrogen response element (ERE). ERa binds to its cognate-binding sites as homodimer, recruits co-factors and activates or represses transcription in response to E2 (Shang et al, 2000) . Alternatively, nonclassical regulation involves protein-protein interactions with other DNA-binding proteins such as Sp1, AP-1 and NF-kB. Identification of the ERa target gene network regulated by agonist and/or antagonist treatment is essential to understand the role of ERa in normal physiological processes and in cancer.
Several gene expression profiling studies in MCF-7 cells identified E2-responsive genes in the range of 100-1500 (Charpentier et al, 2000; Coser et al, 2003; Frasor et al, 2003; Rae et al, 2005; Carroll et al, 2006; Kininis et al, 2007; Kwon et al, 2007; Lin et al, 2007; Stender et al, 2007) , whereas large scale ERa ChIP profiling showed that ERa interacts with many thousands genomic regions (Carroll et al, 2006; Kininis et al, 2007; Lin et al, 2007) . This discordance is in part due to the fact that mRNA levels do not necessarily reflect gene activity because it is subject to degradation and regulation, and that likely not all ERa-binding sites are active under all conditions. Genome-wide profiling of RNA polymerase II (RNAPII) occupancy, however, does provide a much more direct readout and, thus, could yield insights beyond what is typically obtained by mRNA expression profiling.
Recent studies have shown that the promoters of a large number of genes are preloaded with RNAPII with minimal occupancy over the coding body, a phenomenon referred to as pausing or promoter proximal enrichment of RNAPII (PPEP). Collectively, these studies suggest that control of elongation rather than or in addition to transcription initiation has an important function in the activation of these genes, particular for genes rapidly responding to the developmental and cell signalling cues (Muse et al, 2007; Zeitlinger et al, 2007; Core et al, 2008) .
Selective estrogen receptor modulators (SERMs) are (partial) E2 antagonists used for the treatment and prevention of breast cancer. One of the most widely used is tamoxifen, which has mixed agonistic/antagonistic properties and tissue-specific effects. Tamoxifen resistance develops ultimately in advanced breast cancer and is of major clinical significance (Ali and Coombes, 2002) . SERMs induce an alternative conformation of the ERa ligand-binding domain that results in the recruitment of different co-factors and repression of transcription instead of activation. Fulvestrant (ICI 182 780) is a full antagonist that increases protein turnover and results in the degradation of ERa. Fulvestrant is used for the treatment of advanced breast cancer and tamoxifen-resistant tumours (Howell, 2006) . The effect of SERMs on ERa binding and subsequent RNAPII recruitment has not been studied at a genome-wide level.
In this study, we used massive parallel sequencing of immunoprecipitated DNA fragments to identify ERa-interaction sites and RNAPII occupancy in response to E2 or the (partial) antagonists tamoxifen and fulvestrant. Combining ERa-binding site and RNAPII occupancy allowed us to measure the consequence of E2 treatment on RNAPII occupancy, that is ongoing transcription. RNAPII analyses also allowed us to assess whether PPEP is a general phenomenon in rapid E2 response. We identified a large number of ERa-interaction sites and a much smaller number of direct target genes, and show that tamoxifen and fulvestrant alter but not abolish ERa binding, and have differential effects on E2-upregulated and E2-downregulated genes. E2-mediated activation is antagonized by both compounds, whereas at E2-downregulated genes, tamoxifen shows agonistic behaviour in contrast to fulvestrant, which antagonizes E2-mediated repression.
Results

Identification of ERa-interaction sites
ChIP followed by deep sequencing was performed using the MCF-7 breast cancer cell line, which was hormone starved for 48 h and subsequently mock-treated (minus ligand) or stimulated for 1 h with 10 nM E2. The numbers of sequenced and mapped tags are shown in Supplementary Table SI. Classical ERa target genes, for example TFF1 and GREB1, showed vast enrichment of tags over a narrow range in their promoter and enhancer regions in the E2 dataset as compared with minus ligand ( Figure 1A ). Overlapping tags were joined into peaks and the number of tags per peak (peak scores) was counted. The frequency distribution of peak scores shows a wide range in the E2 dataset going up to nearly a 1000 tags/peak (Supplementary Figure S1 ). In the absence of ligand, the majority of peaks are found in the bins with lower peak scores; two high peak score bins are observed. Because substantial ERa binding is not expected in the absence of ligand, we visually inspected these genomic regions and observed local high tag densities over large areas reminiscent of copy number variation (CNV). Indeed, the outlier regions coincide with CNV as determined by arrayCGH data (Shadeo and Lam, 2006) and includes the amplified in breast cancer-1 gene (AIB1 or NCOA3) on chromosome 20. Regions with high CNV obviously compromise peak calling and were, therefore, corrected for prior to peak calling. Using an FDR of o1 Â10
À4
, we identified 10 205 ERa-interaction sites. ChIPqPCR on three independent biological replicas validates the binding of ERa to randomly selected sites (20/20) (Supplementary Figure S2) . The majority of the binding sites (41%) are located in introns and only a small percentage (7%) in promoter regions ( Figure 1B ), in good agreement with published data (Carroll et al, 2006; Lin et al, 2007) .
Next, we compared our 10 205 ERa-interaction sites with genome-wide profiles determined in MCF-7 cells using either a micro-array platform or ChIP-PET identifying 5782 sites and 1234 sites, respectively ( Figure 1C ) (Lin et al, 2007; Lupien et al, 2008) . Our ChIP-Seq and the ChIP-chip datasets show a substantial overlap (57%). Including the less deeply sequenced ChIP-PET dataset, which showed a 88% overlap with the ChIP-Seq targets, we obtained 615 ERa-binding sites that are identified with all three platforms. Sites shared between all three datasets are likely to encompass high affinity sites. Indeed, our ERa-binding sites common to all three datasets had a higher average peak height (84) as compared with sites present only in our dataset (average 34). The good enrichment obtained with our ERa monoclonal antibody combined with the high accuracy, sensitivity and sequence depth achieved with the Illumina genome analyzer allowed for the identification of more transient and likely indirect interaction sites in addition to high affinity and direct DNA-binding sites. However, small variations in cells and culture conditions, that is biological variation and sample handling likely also account for some of the differences. In conclusion, our ERa-binding site analysis reveals a very large number of sites encompassing direct as well as indirect interactions sites.
E2
(Partial) antagonists affect ERa binding
The effect of tamoxifen and fulvestrant is hitherto only studied on a small number of genes. The prevailing view is that SERMs do facilitate DNA binding of ERa (Shang et al, 2000) . We performed ChIP-Seq of ERa in MCF-7 cells treated with either tamoxifen or fulvestrant to assess whether this holds true on a genome-wide scale. A total of 8854 tamoxifen and 4284 fulvestrant-induced ERa sites are detected and representative examples of ERa binding to the TFF1 and GREB1 loci are shown ( Figure 1A) . Globally, the E2 and tamoxifen profiles overlap to a large extent (54%), whereas a smaller proportion of the binding sites are shared between E2 and the fulvestrant profile (33%) ( Figure 1D ). These data corroborate and extend the notion that ERa is able to bind to its regulatory regions in vivo when loaded with these (partial) antagonists. We note that binding is reduced or even abolished at some sites (Supplementary Figure S3) . The altered DNA binding of ERa in response to fulvestrant is not due to receptor degradation (Pink and Jordan, 1996) , because we did not observe a reduction of the protein levels during the 1 h treatment applied in these experiments (data not shown). We conclude that ERa binding is affected, but not abolished when liganded with SERMs.
Motif analysis
Next, we interrogated the sequence of the binding sites for overrepresentation of DNA motifs using the MDmodule program (Liu et al, 2002) . The full ERE-palindromic arrangement of half sites with a 3 bp spacer-turned out to be the by far most prevalent motif (Figure 2A ). Using the weight matrix generated by MDmodule and an ERscan algorithm similar to that used earlier (Smeenk et al, 2008) , we find that 68% of the ERa-interaction sites contain one or more ERE (motif score cut-off of 5, FPR of 15%). A clear positive correlation can be observed between peak height and the mean of the motif scores indicating that the ERa indeed binds most strongly to sites encompassing a consensus motif ( Figure 2B ). Next, we screened the ERa-interaction site sequences for the presence of other motifs. In line with published data (Carroll et al, 2006) , we find significant enrichment of the Sp1, C/EBP and FOXA1 (HNF3a) motifs in addition to the ERE (Supplementary Table SII) . Although the FOXA1 motif is statistically enriched in our dataset (P-value o0.0001; 400 bp window), the total number of potential FOXA1 sites in our data is low (748/10 205 or 7%). We separately examined the 3251 sites that do not encompass an ERE for the enrichment of transcription factor motifs. Among others, we find the FOXA1 motif in 308 peaks (9%). Given the apparent discordance between the Lupien and co-workers and our data, we also performed a peak calling using MACS to exclude any bias based on the peak detection algorithm (B) Correlation of peak height with ERa motif score. The mean ERE motif score was determined using ERscan. ERa-interaction sites were binned according to peak height; random genomic regions were used as background. A clear positive correlation is obtained between the height of an ERa peak and the motif score. The mean of the motif scores in the three bins is significantly different as assessed by the Mann-Whitney test, with a P-value of o0.01, indicated by a double asterisk (C) Percentage of interaction sites containing an ERE. The different binding site profiles were searched for the presence of an ERE using ERscan. The 'E2 preferential' group contains the highest percentage of ERE motifs as compared with the tamoxifen and fulvestrant preferential groups.
matrices and algorithms, we directly determined the overlap (400 bp window) between our ERa-interaction sites and the 12 904 reported FOXA1-binding sites and found an overlap of 15 and 13.6% with binding sites determined by FindPeaks and MACS, respectively. Taken together, our analysis reveals the statistical enrichment of a number of sequence motifs including the FOXA1 motif, but only a minor co-occurrence of ERa and FOXA1-interaction sites was detected.
On treatment of MCF-7 cells with tamoxifen and fulvestrant, we observe many 'SERM-specific' ERa-interaction sites ( Figure 1D ). The selective binding of the receptor in the presence of different ligands may be dictated by the sequence composition of the cis-acting element. Therefore, we assessed the presence of the ERE and other known transcription factor motifs in the different categories of compound-specific interaction sites as well as of sites common to all three compounds. We find that 74% of the 'E2-specific' interaction sites contain an ERE, whereas 36 and 39% of the tamoxifen-and fulvestrant-specific sites contain an ERE ( Figure 2C ). Besides the ERE, no differentially enriched transcription factor motifs could be detected. In addition, we assessed the evolutionary conservation of the ERa-binding sites. The shared as well as the compound-specific groups are significantly more conserved compared with random regions (P-value o0.01) as shown in Supplementary Figure S4 . This indicates that binding sites present in MCF-7 cells are conserved between species and play a general role in the regulation by ERa.
Ligand triggers rapid changes in RNAPII occupancy
Our and earlier genome-wide analyses have provided a wealth of ERa-binding sites. However, assigning the target genes has remained problematic because a large proportion of the ERa-binding sites are located at great distances from genes. To more directly identify genes responding to E2 treatment (1 h), we performed ChIP-Seq using an antibody against RNAPII and determined the log2 ratio of E2/minus ligand. RNAPII occupancy throughout the gene body provides a direct readout of transcriptional activity and thus yields insights beyond what is typically achieved by mRNA expression profiling. Classical ERa target genes, such as TFF1 and GREB1, show a clear increase in RNAPII occupancy over their gene body already after 1 h exposure to E2 (Figure 3 ). At a global scale, RNAPII occupancy over 596 genes significantly changes in response to E2 stimulation (mean ± 1.5 Â s.d.), with 349 genes showing an increase and 247 genes showing a decrease in RNAPII occupancy. Comparing our E2-regulated genes with mRNA expression profiles (Kininis et al, 2007; Lin et al, 2007) revealed an overlap of 64 and 47 genes, respectively. When including genes that change less then two-fold but are significant (P-value o0.05) in the Kininis dataset, the overlap increased to 195 genes. Note that with our ChIP-Seq of RNAPII occupancy and the short E2 treatment (1 h), we will only or predominantly identify direct and immediate/ early responding target genes, whereas in gene expression profiling at 3 or 8 h after E2 addition delayed/late responding and indirect targets may also have been identified.
Next, we examined E2-responsive genes for the presence of nearby ERa-interaction sites (within 50 kb). Of the 349 upregulated genes, 309 (89%) encompass 1226 ERa-interaction sites, that is 4 on average, whereas of the 247 downregulated genes, 116 (47%) encompass 192 ERa-interaction sites (1.5 on average). Besides that upregulated genes more frequently encompass ERa-binding sites than downregulated genes, the sites in upregulated genes more frequently contain an ERE that conforms better to the consensus ERE and displays a higher mean motif score (Supplementary Table  SIII ). Motif analysis shows that ERa-binding sites near upand downregulated genes do not contain differentially enriched transcription factor motifs at statistically significant P-values. Gene Ontology (GO) analysis shows that E2-regulated genes are enriched for a diverse set of cellular processes and functions, including ovulation cycle process, female gonad development and female meiosis (Supplementary Table SIV ).
In conclusion, we show that 596 genes change in RNAPII occupancy over the gene body in response to E2, of which 59% are upregulated and 41% are downregulated. A higher number of ERa-bindings sites are present near upregulated genes compared with downregulated genes and sites near upregulated genes conform better to the ERE consensus sequence than those of nearby downregulated genes.
Promoter proximal enrichment of RNAPII Recent genome-wide (ChIP-chip) studies have shown that a large fraction of the promoters of developmental and cell signalling genes as well as genes responding to external stimuli display PPEP or pausing of RNAPII, which is thought to facilitate rapid upregulation of transcription (Guenther et al, 2007; Muse et al, 2007; Zeitlinger et al, 2007) . GROseq (global nuclear run-on-sequencing) revealed that up to 30% of genes display promoter proximal pausing (Core et al, 2008) .
Nuclear hormone receptors such as ERa are regulators of rapid response par excellence and hence, it seemed likely that pausing of RNAPII might be involved in the fast regulation of immediate early E2-responsive genes. Therefore, we determined the number of tags in the promoter and body of genes; in the minus ligand dataset (i.e. before induction) of the 8465 genes that are significantly enriched for RNAPII, 1228 (15%) display PPEP ( Figure 4A ). RNAPII enrichment in promoter regions was validated on 6/6 genes using the 8WG16 antibody (Supplementary Figure S5) . Furthermore, we validated PPEP using a number of phospho-specific (phosphoserine 2, 5 and 7) and an N-terminal RNAPII antibody (N-term). The transition of RNAPII from the initiation to the elongating form can be monitored by phosphorylation of specific serine residues in the CTD. Serine 5 is phosphorylated at the initiating phase of transcription, whereas serine 2 is a mark of productive RNAPII and occurs more in the 3 0 end of a gene. Serine 7 phosphorylation is a mark for elongating RNAPII (Phatnani and Greenleaf, 2006; Chapman et al, 2007) . The RNAPII phosphorylation status of three genes was assessed in the absence or presence of E2 using ChIP in combination with phospho-specific antibodies. The presence of phosphoserine 5 (and surprisingly 7) combined with the absence of phosphoserine 2 shows PPEP in the presence and absence of ligand (Supplementary Figure S6) . Strikingly, only 21 of the 596 E2-regulated genes (4%) display PPEP. Moreover, the median RNAPII occupancy profile over E2-regulated genes in the promoter region and the coding body does not significantly deviate from that of all genes but is very significantly lower than the profile of PPEP genes ( Figure 4B ). Of the 64 E2-regulated genes shared between our and Kininis datasets, 8% display PPEP, a percent wise increase as compared with our entire data but still a minor fraction. (Kininis et al, 2007) . Together, these results show that a large fraction of all genes, but only a very minor fraction of E2-regulated genes display PPEP in MCF-7 cells. Nevertheless, the majority of the 349 E2-upregulated genes do show a rapid and highly significant increase in RNAPII occupancy already at 1 h of E2 induction.
Finally, we determined the effect of ligand administration on the 21 E2-regulated genes that display PPEP. E2 induction changes the RNAPII occupancy ratio between promoter and gene body resulting in a loss of PPEP (10/21), whereas tamoxifen and fulvestrant treatment resulted in the abolishment of RNAPII occupancy (and thus PPEP) on 21/21 genes and 15/21 genes, respectively. The observation that (partial) antagonists induce a rapid loss of RNAPII on E2-responsive promoters indicates that at large these ligands prevent the recruitment to and/or stabilization of RNAPII at the promoter and, thus, preinitiation complex (PIC) formation rather than affecting the transition of RNAPII into the elongating form.
Overlapping as well as distinct groups of genes respond to (ant)agonists
Given that in the majority of the cases, the binding of ERa is not abolished on (partial) antagonist treatment, we determined the effect of tamoxifen and fulvestrant on the RNAPII occupancy. On tamoxifen administration, 719 genes change in RNAPII occupancy; the majority (695/719) is downregulated as compared with the minus ligand control. Strikingly, more genes change their RNAPII occupancy on (partial) antagonist as compared with E2 treatment (596), which has also been observed in expression profiling studies (Frasor et al, 2004) . On fulvestrant treatment, 319 genes change in RNAPII occupancy as compared with the minus ligand control of which 230 are downregulated. A typical example is shown in Supplementary Figure S7 . Note that in mock-treated cells, the RNAPII occupancy of many ERa-regulated genes was low, but in many cases clearly enriched for RNAPII, which is likely due to incomplete ligand depletion. Collectively, the total number of genes with altered RNAPII occupancy for all three ligands is 1256.
To classify genes based on their response to E2, tamoxifen and fulvestrant, we performed K-means clustering of the RNAPII ratios revealing five distinct clusters ( Figure 5A and B) . Using GO, we assessed whether the genes within the clusters are functionally related ( Figure 5D ). Supplementary Table SV shows an overview of the ERa-binding sites analysis per cluster. The changes in RNAPII occupancy in response to the various ligand treatments were validated by ChIP-qPCR on 7-8 randomly chosen examples from each cluster (Supplementary Figure S8) . Next, we compared the changes in RNAPII occupancy of six genes from each cluster with the changes in the level of primary transcript and mRNA levels as measured by RT-qPCR at 0, 1, 3 and 8 h after treatment using intron-exon and exonic primer pairs, respectively. In particular, the changes in primary transcript levels (Supplementary Figure S9) and to a lesser extent of mRNA levels ( Figure 5C ; Supplementary Figure S10 ) of genes in clusters 2, 3 and 4 correlate very well to the changes in RNAPII occupancy in response to the various ligands as determined by ChIP-Seq. Genes were divided into bins relative to the transcription start site; À500 to À251, À250 to TSS, TSS to þ 250 and the remaining gene body was divided into four equal bins. For each group of genes, the mean number of tags per bin is plotted. E2-regulated genes on average have less RNAPII at their promoter regions as compared with the mean of all genes. Genes above the set threshold (mean þ 1 Â s.d.) have a higher RNAPII occupancy at their promoter as compared with all genes and E2-regulated genes. Cluster 1 contains a large group of genes that were strongly downregulated only on tamoxifen treatment. In line with this, four of the six validated genes show diminishing primary transcripts levels, whereas the mRNA levels respond later and decrease after 8 h. On average, one peak per ERa-binding site is present in the vicinity of these genes. Among the genes in this cluster is the pro-apoptotic gene Bad whose overexpression inhibits estrogen-induced cell proliferation (Fernando et al, 2007) . In addition, high Bad expression levels correlate with improved disease-free survival (Cannings et al, 2007) . The cyclin A gene has a similar response to the different ligands and has prognostic value in early breast cancer. Overexpression of cyclin A in tamoxifen-treated tumours is significantly associated with poorer outcome (Michalides et al, 2002) . Intriguingly, ERa peaks in the vicinity of genes in this cluster were slightly higher when liganded with tamoxifen as compared with E2-liganded ERa.
The second cluster contains strongly E2-downregulated genes that were derepressed by fulvestrant, but not or only to a limited extend by tamoxifen. Among these was cyclin G2, a negative regulator of the cell cycle that maintains cells in a quiescent state and is downregulated on E2 induction as described earlier (Stossi et al, 2006) . Strikingly, we observed that tamoxifen acts as an agonist on cyclin G2, in contrast to Stossi et al who describe that tamoxifen antagonizes the E2-mediated downregulation. Another gene downregulated on E2 treatment was the pro-apoptotic Bak gene. It has been described earlier that Bak expression is downregulated on E2 treatment and reduction of Bak expression provides a growth advantage to cells (Leung et al, 1998) . Bik, another proapoptotic gene was also present in cluster 2 and in good agreement with our data, it has been shown that Bik mRNA levels increase on estrogen starvation and antagonist treatment, whereas mRNA levels decrease on E2 induction (Hur et al, 2004) . Interestingly, genes in this cluster display the lowest number of ERa-binding sites per gene (0.88 on average). Tamoxifen-liganded ERa bound on average with higher affinity to sites near cluster 2 genes compared with E2-liganded ERa. Interestingly, the primary transcripts of cluster 2 genes do not change or are even slightly elevated on tamoxifen or fulvestrant treatment, whereas the mRNA levels decrease likely due to regulation of mRNA stability. GO analysis showed that cluster 2 is enriched in genes involved in apoptosis and cell-cycle arrest.
Genes in the third cluster are upregulated by E2, which is strongly antagonized by tamoxifen and fulvestrant. In the absence of ligand, these genes were already expressed as revealed by the presence of RNAPII; on tamoxifen or fulvestrant treatment, the RNAPII occupancy level of these genes dropped below the minus ligand level. For example, transcription of the IGFBP4 gene is strongly boosted on E2 addition and decreased on tamoxifen treatment. IGFBP4 expression is used as a predictor of responsiveness to endocrine therapies (Walker et al, 2007) . Another E2-upregulated gene in this cluster was the cell-cycle regulator cyclin D1. Overexpression of cyclin D1 is associated with better outcome for breast cancer patients, but its overexpression is also linked to tamoxifen resistance (Ishii et al, 2008) . On average, genes in cluster 3 contain 2.7 ERa-binding sites. GO analysis revealed among others involvement in cell proliferation and insulin receptor signalling. The mRNA levels of genes in clusters 3 and 4 (see below) increase on E2 treatment, with the largest increase at 3 h of treatment and do not respond or are downregulated on tamoxifen or fulvestrant treatment.
Cluster 4 also contains E2-upregulated genes that are antagonized both by tamoxifen and fulvestrant, but genes in this cluster show no/minor RNAPII occupancy in the absence of ligand as opposed to cluster 3 genes. Interestingly, the nuclear receptor coactivator NCOA4 is upregulated on E2 treatment. NCOA4 can associate with ERa and has been reported to increase transcription of TFF1 (Lanzino et al, 2005) . The anti-apoptotic Bcl-2 is present in this cluster. Bcl-2 has been shown to be upregulated on E2 induction and Bcl-2 expression is linked with better outcome in hormone or chemotherapy-treated patients (Nadler et al, 2008) . Genes in the fourth cluster display on average the highest number of ERa-binding sites (4.2 on average per gene). In addition, ERa-binding sites found in the proximity of clusters 3 and 4 have a higher peak score (affinity) for the ERa as compared with the other clusters. Cluster 4 was enriched in the GO categories sex differentiation, ovulation from ovarian follicle and gland development.
Remarkably, cluster 5 contains genes upregulated by all three ligands, which is, however, not well reflected in the mRNA levels. Among the genes was HUS1, which is part of a cell-cycle checkpoint in the DNA damage response (Meyerkord et al, 2008) . Genes in this cluster contained on average 1.4 ERa-binding site per gene. GO analysis showed enrichment for genes involved in stress response.
In conclusion, tamoxifen and fulvestrant have differential effects on RNAPII occupancy. The majority of the E2-upregulated genes are antagonized by both tamoxifen and fulvestrant, while tamoxifen displayed agonistic behaviour whereas fulvestrant antagonized E2-downregulation. Furthermore, tamoxifen specifically affects a rather large group of genes that are not affected by either E2 or tamoxifen.
Discussion
To unravel the target gene network of a transcription factor, identification of its interaction sites, cis-regulatory elements and target genes is essential. We have applied ChIP combined with massive parallel sequencing to identify ERa-interaction sites and to globally map changes in RNAPII occupancy in the presence and absence of three ligands. A small fraction of ERa-interaction sites is located in promoter regions, whereas the majority is found at large distances from annotated genes or in introns in line with earlier studies (Carroll et al, 2006; Lin et al, 2007) . These distal sites most likely act as enhancers and interact with receptive promoters through looping to regulate gene expression, as has been described for some ERa target genes such as TFF1, GREB1 and bcl-2 (Carroll et al, 2005; Deschênes et al, 2007; Perillo et al, 2008) . Our comprehensive analysis of the ERa-interaction site sequences showed that the majority of sites contain an ERE which is in agreement with other data (Lin et al, 2007) . In line with observations that ERa physically and/or functionally interacts with other transcription factors, we reveal that among others the Sp1, C/EBP and FOXA1 motif are enriched (400 bp window). Lupien et al reported that 50-60% of ERa binding in MCF-7 cells co-occurred with FOXA1. Although statistically enriched, FOXA1 is only present in a small fraction of all our ERa-interaction sites. Use of the peak detection method used by Zhang and co-workers (MACS) did not significantly change the percentage of ERa-binding sites with a FOXA1 motif . The intersection between the FOXA1-binding sites (Lupien et al, 2008) and our ERa profile (FindPeaks) reveals a 15% overlap. Our motif analysis and the limited overlap between both genomic binding sites indicates that the cooperativity between ERa and FOXA1 is under our condition much more restricted than reported earlier. The discordance is substantial and may be due to the use of different antibodies and platforms. More research is necessary to fully elucidate the role of FOXA1 in ERa transcriptional regulation.
We showed at a genome-wide scale that tamoxifen and fulvestrant affect but do not abolish binding of ERa to chromatin. Our analysis revealed an extensive overlap between ERa-interaction profiles in the presence of the different ligands but also detect interaction sites that show ligandspecific ERa binding. Additionally, our analysis showed that a higher percentage of sites in the 'E2-specific' group conform to the consensus ERE as compared with the tamoxifen-and fulvestrant-specific group. One explanation of this liganddependent preference is that the receptors interact or cooperate with other transcription factors and that this cooperativity with other transcription factors may in part be determined by conformational changes in the DNA-binding domain instigated by E2, tamoxifen and fulvestrant binding. However, our motif analysis does not lend support to this hypothesis and hence, the ligand-specific binding is likely dependent on other factors. The local chromatin landscape and histone modifications likely play a decisive role as has been described for GR (John et al, 2008) . Furthermore, it has been shown that E2 but not fulvestrant-loaded ERa recruits SWI/SNF, an ATP-dependent chromatin remodeller complex, to its binding sites resulting in chromatin remodelling and histone acetylation (Belandia et al, 2002) . Likely the correct chromatin structure necessary for stable and recurring ERachromatin interactions is not induced by (partial) antagonists and as a consequence, ERa binds weaker or not at all.
The dispersed and often distal localization of ERa-binding sites complicates the assignment of ERa-interaction sites to E2-responsive genes. We identify for the first time genes responding to E2 induction by using ChIP-Seq profiling of RNAPII occupancy in the absence and presence of the various compounds. Of the 596 genes changing in RNAPII occupancy on E2 induction around half are upregulated and half are downregulated in keeping with micro-array expression profiling (Kininis et al, 2007; Lin et al, 2007) . The limited overlap between our E2-responsive genes and mRNA expression profiles maybe due to differences in the MCF-7 sublines used, the different induction times and inherent differences between analyses based on RNAPII occupancy and on steady state mRNA levels (Frasor et al, 2004) .
The majority of E2-activated genes are associated with one or more ERa-binding sites, indicating that ERa complexes bound to multiple interaction sites probably cooperate to regulate expression of target genes as observed earlier, for example for TCF4 and MYC (Bieda et al, 2006; Hatzis et al, 2008) . Nevertheless, the requirement of multiple ERa-binding sites per E2-regulated gene alone cannot account for the striking discordance between the number of E2-regulated genes (596) and ERa-binding sites (10 205). Most likely other factors besides ERa binding such as promoter accessibility, the local chromatin structure, epigenetic state and the presence of specific co-factors are necessary for transcriptional regulation to occur.
We also analysed the RNAPII occupancy profiles to assess PPEP. Several recent studies have reported that between 12 and 30% of genes display PPEP. RNAPII profiling in Drosophila showed that pausing is occurring predominantly on genes responding to stimuli as well as developmental genes. It is postulated that the presence of RNAPII on the promoter allows rapid upregulation of these genes (Kim et al, 2005; Guenther et al, 2007; Muse et al, 2007; Zeitlinger et al, 2007) as observed for the heat shock genes (Petesch and Lis, 2008) . We show that 15% of all active genes in the minus ligand data show PPEP in MCF-7 cells in keeping with other studies (Kim et al, 2005; Guenther et al, 2007; Muse et al, 2007; Zeitlinger et al, 2007; Core et al, 2008; Kininis et al, 2009 ). In our dataset, however, the genes displaying PPEP are not significantly enriched for developmental genes or genes responding to stimuli, but for a broad spectrum of GO classes. This may be due to the developmental or differentiated state of the cells under investigation (Supplementary Table SVI) . We used the MCF-7 breast cancer cell line in contrast to the Drosophila embryos or the embryonal Drosophila S2 cell line (derived from late stage embryos) used by Muse et al and Zeitlinger et al. In differentiated cells, other genes may be poised for activation as compared with embryos/embryonic cell line. E2-responsive genes are responding to external stimuli par excellence and hence likely candidates for using PPEP as a way of regulation. However, only a small fraction of genes that display PPEP are also E2 responsive, indicating that PPEP is not a general mechanism of rapid E2-instigated gene regulation, although it may play a role on a limited number of E2-regulated genes. E2-responsive genes are, thus, predominantly regulated by RNAPII recruitment and not at the elongation level.
RNAPII pausing was recently reported to play a role in the regulation of a number of E2-regulated genes (Kininis et al, 2007 (Kininis et al, , 2009 ). The authors assessed RNAPII pausing by performing ChIP-chip for RNAPII using a promoter array in addition to gene expression profiling to determine E2-responsive genes. They reported that 59% of E2-responsive genes are preloaded with RNAPII (Kininis et al, 2009) . In contrast, our data indicates a minor role of pausing or PPEP in E2-mediated regulation. It seems likely that the choice of analysed E2-responsive genes that is selected either on the basis of mRNA profiling (Kininis et al, 2007) and on E2-induced RNAPII occupancy at very early times may have affected the respective seemingly opposing conclusions. As an example, the Myc and SIAH2 gene described by Kininis et al do not fulfill our criteria for being E2 responsive and displaying PPEP (Supplementary Figure S11) . In our genome-wide RNAPII ChIP-Seq analysis, the Myc gene does not exceed our threshold for E2 responsiveness (mean±1.5 Â s.d. of log2 ratio E2/minus ligand). PPEP is observed in the proximity of the Myc promoter as defined by RefSeq, but the peak for RNAPII is not near the start site as defined by Ensembl and hence drops out as an E2-responsive gene displaying PPEP. SIAH2 is clearly E2 responsive, but does not fulfill the PPEP threshold (mean±1 Â s.d. of the log2 ratio of RNAPII occupancy over promoter/gene body). Further research will be necessary to resolve the discordance and to elucidate the possible role of RNAPII pausing in E2-mediated regulation.
Tamoxifen stimulation abolished RNAPII occupancy over the promoter and coding regions of all 21 E2-regulated genes displaying PPEP while fulvestrant results in the abolishment of PPEP on 15/21 genes. Tamoxifen-or fulvestrant-loaded receptor is able to prevent the recruitment of RNAPII and hence PPEP is not established. Therefore, we conclude that both tamoxifen and to a lesser extent fulvestrant inhibit RNAPII recruitment, and/or destabilization of the RNAPII/ PIC complex. We show that the SERMs tamoxifen and fulvestrant have a profound effect on the RNAPII occupancy of many genes. Using clustering methods, we could divide E2-, tamoxifen-and fulvestrant-regulated genes into five distinct clusters based on their RNAPII ratio. The primary transcript levels for the clusters 2, 3 and 4 correspond very well to the RNAPII ChIP data validating our approach. After tamoxifen treatment, the primary transcript levels of genes randomly selected from cluster 2 do not change significantly while fulvestrant treatment increases the primary transcript levels. In contrast, mRNA levels show a different pattern for both tamoxifen and fulvestrant and are diminished indicating that mRNA stability plays a role in ERa-mediated regulation of this gene cluster again validating our RNAPII occupancy approach. Strikingly, cluster 1 contains a group of genes that show no or only minor downregulation on E2 induction but are strongly repressed by tamoxifen and not or to a lesser extent by fulvestrant. The presence of many ERa-binding sites in the vicinity of these genes indicates that the tamoxifenmediated repression may indeed be directly mediated through ERa. Tamoxifen preferential gene regulation has been shown on mRNA levels (Frasor et al, 2006) . Cluster 2 contains genes that are most strongly downregulated by E2 and on which tamoxifen acts as a weak agonist; in contrast, fulvestrant displays full antagonistic behaviour. Using reporter assays it has been shown that tamoxifen antagonizes E2-induced upregulation but acts as an agonist at E2-downregulated genes (Ramkumar and Adler, 1995) . One possible mechanism could be that on E2-downregulated genes, ERa recruits nuclear receptor corepressors and associated HDAC's that subsequently deacetylates the chromatin and prevent recruitment of RNAPII and the basal transcriptional machinery (Stossi et al, 2006) . It seems likely that tamoxifen prevents the recruitment and loading of co-activator complexes on E2-upregulated genes, as seen in cluster 3 and 4, but on E2-downregulated genes tamoxifen does not prevent the recruitment of repressing complexes or is not able to recruit activating complexes, as seen in cluster 2. Strikingly, fulvestrant does antagonize both E2-upregulated as well as E2-downregulated genes. A small group of genes is upregulated by stimulation with all three ligands. These genes are enriched for among others response to stress and DNA damage, indicating that ligand stimulation results in the activation of stress responses.
On SERM treatment, RNAPII is not significantly enriched over the coding body of most if not all E2-upregulated genes compared with background, whereas these same genes display clear RNAPII occupancy in the absence of ligand. On E2-downregulated genes, E2-loaded ERa represses transcription probably by interfering with PIC formation and/or by preventing its assembly as well as by recruiting corepressor complexes and histone deacetylases. On binding of a SERMloaded receptor, transcription is not downregulated and the PIC remains present. Thus, tamoxifen-or fulvestrant-loaded ERa acts mechanistically different on E2-upregulated and downregulated genes. This differential behaviour at up-and downregulated genes might relate to the direct or indirect protein-mediated binding of ERa. Regulation through tethering to other transcription factors such as NF-kB, AP-1 and Sp1 might alter the properties of SERM-loaded receptor.
In conclusion, our study provides novel and important insight into the regulation of the ERa target gene network and serves as a resource for the further elucidation of ERaregulated transcription. Pausing of RNAPII occurs frequently in MCF-7, but only at a very small number of ERa target genes. We provide compelling evidence that tamoxifen and fulvestrant behave differently; tamoxifen acts as an agonist at E2-downregulated genes, whereas fulvestrant antagonizes both E2-upregulated and downregulated genes. Strikingly, tamoxifen regulates a rather large number of genes that are not or much less responsive to E2 or fulvestrant. Furthermore, these genes might play a role in tamoxifen resistance.
Materials and methods
ChIP MCF-7 cells were cultured in DMEM with 10% FCS at 371C. Cells were maintained in DMEM w/o phenol red and 5% charcoal stripped FCS for 48 h before induction. MCF-7 cells were mock treated or with 10 nM 17b-E2, 1 mM 4-OH tamoxifen or 100 nM Fulvestrant for 1 h. Chromatin was harvested and ChIP and qPCR was performed as described (Denissov et al, 2007) . ChIP was performed using one of the following antibodies: ERa (Diagenode AC-066-100), RNAPII (Diagenode AC-055-100), Ser5-P RNAPII (Abcam, ab24759), RNAPII N-terminus (Santa Cruz, sc-899 X), Ser2-P RNAPII and Ser7-P RNAPII, both a kind gift from Dirk Eick.
Illumina high throughput sequencing
Sample preparation was performed as described by the manufacturer. The 32 bp tags were mapped to the human genome HG18 using the eland program allowing one mismatch. The 32 bp sequence reads were directionally extended to 133 bp, corresponding to the length of the original fragments used for sequencing. For each base pair in the genome, the number of overlapping sequence reads was determined, averaged over a 10 bp window and visualized in the UCSC genome browser (http://genome.ucsc.edu).
CNV correction and peak detection
The distribution of tags in the minus ligand dataset was determined by counting the number of tags in a 500 kb window. The mean and standard deviation of all windows was determined and a threshold was set at mean þ 3 Â s.d. Windows above the threshold were corrected by uniformly removing tags such that the number of tags was equal to that of the mean of all windows. All ERa datasets were corrected; subsequently enriched regions were identified with FindPeaks using a FDR cut-off of o1 Â10 À4 , subpeaks 0.9, triangles distribution and duplicate filter (Fejes et al, 2008) . To allow for direct comparison, datasets were uniformly equalized relatively to the sample with the lower number of tags.
Motif search
For all sequence analysis, the highest point in a peak (FindPeaks) was used and extended on both sides with either 200 or 1500 bp. MDmodule was used with varying window sizes (Liu et al, 2002) . Sequence logos were constructed using Weblogo (http://weblogo. berkeley.edu/). To search for known motifs, the MATCH software and the Transfac 11.1 database were used (Matys et al, 2003) . Random genomic sequences were used as background. Enrichment was calculated using Benjamin-Hochberg multiple testing correction. Motifs with a P-value of o0.001 and a score above 2 were called enriched. The presence of ERE was determined in a 400 bp window using ERscan, an adapted version of p53scan (Smeenk et al, 2008) .
Conservation
ERa-binding sites were extended from the highest point in a peak with 100 bp on both sides. For each binding site, the mean PhastCons28 conservation score was calculated and per group the mean of all sites was determined. A Mann-Whitney test was performed to determine whether the scores were significantly higher compared with random sequences.
GO
Enrichment of GO categories was determined with the Ontologizer software, using Topology-Elim, Benjamini-Hochberg and a cut-off of 0.01.
RNAPII analysis
To quantitate the change in RNAPII occupancy, the datasets were uniformly equalized by removing tags relatively to the sample with the lower tag count. For each gene, the number of tags in the gene body was counted and the log2 ratio between ligand and minus ligand control was calculated. A threshold was set at mean±1.5 Â s.d. of the log2 ratio. Very low expressed genes were removed if under all conditions the number of tags was o5 or the length in bp/tag count was o100. Clustering was performed using the K-means algorithm with cosine distance using the ARMADA program (Chatziioannou et al, submitted for publication). The heatmap was created using Java TreeView.
PPEP
For each gene in the Ensembl 47 gene annotation, the number of tags was determined in the promoter (À250 to þ 500 bp with respect to the transcription start site) and gene body ( þ 500 bp to gene end). Genes with 8 or more tags in the promoter region were selected and the number of tags per 750 bp in the gene body was determined. Subsequently, the log2 ratio of the number of tags in the promoter and in the gene body was calculated. A threshold was set at mean þ 1 Â s.d. and genes above this threshold were defined as displaying PPEP. mRNA and primary transcript expression analysis RNA was harvested after 0, 1, 3 or 8 h ligand treatment using the Qiagen RNeasy kit including on column DNase treatment. RNA was reverse transcribed to cDNA using Invitrogen superscript III. Exonintron and exonic primer pairs were used for primary transcript and mRNA analysis. Expression levels were normalized to RSP19.
Accession codes
Sequence and processed data has been submitted to National Center for Biotechnology Gene Expression Omnibus with GEO accession number GSE14664.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
